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T he structures o f  the van der W aals b onded  com plexes o f  pheno l w ith  one and tw o argon atom s have 
been  determ ined  using  ro ta tiona lly  reso lved  e lec tron ic  spectroscopy  o f  the S  ^  S 0 transition . The 
experim en ta lly  determ ined  structu ral param eters w ere  com pared  to the resu lts o f quan tum  chem ical 
ca lcu la tions tha t are capab le  o f p roperly  describ ing  d ispersive  in teractions in the clusters. It was 
found  tha t bo th  com plexes h ave  w -bound configurations, w ith  the  p h eno l-A r2 com plex  adopting a 
sym m etric  ( 1 11) structure. T he d istances o f  the argon atom s to th e  arom atic  p lan e  in th e  elec tronic 
g round  sta te  o f  the n  = 1  and  n = 2  c lusters are 353 and 355 pm , respectively . R esonance-enhanced  
m ultipho ton  ion ization  spectroscopy  w as u sed  to  m easu re  in term o lecu lar v ib ra tional frequencies in 
th e  S 1 s ta te  and F ran ck -C o n d o n  sim ulations w ere  perfo rm ed  to  confirm  the structu re  o f  the 
phen o l-A r2 cluster. T hese  w ere  found  to be  in  excellen t ag reem ent w ith  the ( 1 11) configuration . 
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I. INTRODUCTION
In term o lecu lar in terac tions o f arom atic  m olecu les are v i­
tal for chem ical and  b io log ica l reco g n itio n .1 A  deta iled  u n ­
derstand ing  o f  these  in terac tions at the m olecu lar level r e ­
quires accura te  know ledge o f th e  in term o lecu lar po ten tia l 
energy  surface. E ssen tia l param eters o f  such a su rface  in ­
clude  the in terac tion  energy  and  th e  geom etry  o f  the g lobal 
m in im um , as w ell as the  occurrence o f  less stab le  local 
m in im a. T he fru itfu l in terp lay  o f h igh-reso lu tion  spec tro s­
copy  o f  iso la ted  c lusters in  m o lecu lar beam s and h igh-level 
quan tum  chem ical ca lcu la tions prov ides the m ost d irec t ac-
2—9cess to these  po ten tia l param eters. C lusters o f  pheno l w ith 
neu tral ligands, deno ted  pheno l-L n, are  a ttrac tive  m odel sy s­
tem s to  inves tiga te  the com petition  o f  tw o d ifferen t funda­
m ental types o f in term olecu lar forces, nam ely  hydrogen  
bond ing  to the acid ic O H  group  (H -bond) and van  der W aals 
(vdW ) bond ing  (stacking) to the h igh ly  p o la rizab le  w  e lec ­
tron system  o f  the arom atic  ring  (w -bond, vdW  bond). It 
turns out that the re la tiv e  in terac tion  strengths o f  bo th  b in d ­
ing m otifs strong ly  depend  on the type  o f  ligand  (L), the 
degree  o f  so lvation  (n), and th e  deg ree  o f  e lec tron ic  ex c ita ­
tion  or ion ization . H ence, a  p le th o ra  o f  spectroscop ic  and 
theore tica l stud ies h ave  been  carried  out on pheno l-bearing  
clusters in  o rder to d e term ine  the p re fe rence  for stack ing  or 
h ydrogen  bond ing  in teractions.
T he p resen t w ork  reports h igh -reso lu tion  elec tron ic
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spectra  o f  pheno l-A rn c lusters w ith  n  = 1 and 2 in a m olecu lar 
beam  expansion , along w ith  quan tum  chem ical ca lcu lations. 
A n analysis o f  v ib ra tional frequencies from  new  resonance- 
enhanced  m ultipho ton  ion ization  (R E M PI) spectra  o f  the 
p heno l-A rn (n = 1 - 2 )  c lusters w ill co rrobo ra te  the results . 
T he analysis o f  the S 1 ^  S 0 spectra  ob ta ined  at the level o f 
ro ta tional reso lu tion  prov ides for the  first tim e clea r-cu t in ­
form ation  about th e  geom etry  and p referen tia l b ind ing  m o tif 
o f  these  p ro to type  clusters, w h ich  are m odel system s for an 
acid ic  p o la r m o lecu le  in terac ting  w ith  a  nonpo lar so lvent. 
D esp ite  num erous spectroscop ic  stud ies on pheno l-A rn c lu s­
ters reported  in th e  past, th e  structural b ind ing  m o tif  o f  this 
sim ple  system  has no t been  iden tified  unam biguously  for the 
neu tral e lec tron ic  states.
In  the fo llow ing , the p resen t know ledge about 
p heno l-A rn w ill b e  briefly  rev iew ed . In 1985, in itia l spec tro ­
scopic  data  about pheno l-A rn (n = 0 - 2 )  cam e from  one-color 
R E M P I spectra  o f  th e  S 1 ^  S 0 transition  and tw o-co lor 
pho to ion iza tion  effic iency  (PIE) spec tra  o f th e  cation  g round  
sta te  (D 0) recorded  v ia  the S 1 s ta te  orig ins by  G onohe  e t a l. 10 
O n th e  basis o f nearly  add itive  shifts in th e  S 1 ^  S 0 transition  
energ ies ( —33 and - 6 8  cm -1) and ion ization  po ten tia ls  
( —152 and  - 2 9 7  cm -1) upon  com plexation  w ith  one and 
tw o argon atom s, the authors conc luded  tha t b o th  argon 
ligands are w -bonded to pheno l on opposite  sides o f  the a ro ­
m atic  ring , deno ted  ( 1 10 ) and ( 1 11) structure, respec tive ly .10 
T he in term olecu lar v ib ra tional structures observed  in the 
^  S 0 e lec tron ic  spectra  o f  p h en o l-A r1 (R efs. 11 and  12) and
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pheno l-A r2 (R ef. 13) h ave  subsequen tly  been  assigned  as­
sum ing w -bonded ( 1 10 ) and  ( 1 11) structures, respectively .
A lm ost neg lig ib le  com p lexation -induced  frequency  
shifts o f  the O -H  stretch  (vOH) and  o ther skeletal v ibrations 
in the S 0 s ta te  o f p h en o l-A r1 observed  v ia  stim ulated  
R am an 14 and  IR  dip spectro scopy 15,16 h ave  been  ind ica tive  
for a w -bonded ( 1 10) geom etry  for the n  = 1  com plex . In 
addition , h igh -level quan tum  chem ical calcu lations o f the 
po ten tia l energy  surface  in  the S 0 s ta te  y ie ld  a w -bonded 
g lobal m in im um , and  it is unclea r at p resen t w hether the 
H -bonded  structu re  is a shallow  local m in im um  or a tran s i­
tion  s ta te .17- 20 C om parison  o f  ro ta tional constan ts derived  
from  a ro ta tional band  con tour fit o f  the S 1 origin spectrum  
w ith  ab in itio  ro ta tional constan ts ob tained  at the 
M P 2 / 6 -3 1 G (d ,p )  level also  support a w -bonded ( 1 10) g e ­
om etry  for n  = 1 .21 M eerts et a l.6 p resen ted  the fu lly  ro ta tio n ­
ally  reso lved  elec tron ic  spectrum  o f the 7 D -pheno l-A r1 c lu s­
ter, w ithou t a de ta iled  structural analysis. T he  ro tational 
constan ts o f  the S 0 state are c lose  to  those  o f th e  S 1 state, 
im ply ing  sim ilar w -bonded geom etries in bo th  elec tron ic  
states. M ass-analyzed  th resho ld  ion ization  (M ATI) and zero- 
k inetic-energy  (Z E K E ) pho toelec tron  spectroscopy  have 
been  em ployed  to  derive  the b ind ing  energ ies o f  w -bonded 
p h en o l-A r1 in th e  D 0, S 1, and  S 0 states as 535 ±  3, 397 ±  13 
and 364 ±  13 cm -1, respectively , and to m easure  and  assign 
the in term o lecu lar v ib ra tional m odes in the D 0 cation  
s ta te .22- 25 T he in term olecu lar frequencies are consisten t w ith  
the w -bonded p h en o l-A r1 geom etry . S im ilarly , the vOH fre ­
quency  o f phenol+ -A r1 derived  from  IR  pho tod issocia tion  of 
the cation  d im er genera ted  b y  R E M P I is com patib le  only  
w ith  a w -bonded isom er.15,26
U n til recently , all spectroscop ic  studies ind ica ted  that 
phenol+ -A r1 has a w -bonded equ ilib rium  structu re  in  the S0, 
S 1, and D 0 states and no signatu re  o f a H -bonded  
p h en o l+-A r1 isom er had  been  detec ted . In  2000, how ever, the 
IR  pho tod issocia tion  spectrum  o f  ph en o l+-A r1 genera ted  in 
an elec tron  im pact (EI) ion source c learly  dem onstra ted  that 
the H -bonded  isom er is the g lobal m in im um  on the po ten tia l 
energy  surface o f the cation  cluster, w ith  a characteristic  vOH
frequency  strongly  redsh ifted  from  iso la ted  ph en o l+ by
27-31H -bonding . T his resu lt w as confirm ed b y  quan tum  
chem ical ca lcu la tions, w h ich  p red ic t the H -bonded  isom er as 
g lobal m in im um  in th e  D 0 state, w hereas the w -bonded struc­
tu re  is only  a local m in im u m .20,28,32 T he reason  w hy the m ost 
stab le  H -bonded  isom er o f phenol+ -A r1 had  com plete ly  e s ­
caped  prev ious spectroscop ic  detec tion  (M ATI, P IE , ZEK E, 
R E M P I-IR ) ,10,21,23- 26 arises from  the fact tha t the  phenol+-A r 
cation  in the D 0 state  h ad  been  p repared  b y  R E M P I o f  the 
neu tral w -bonded p recursor, w h ich  is governed  b y  the re ­
stric tions o f  m in im al geom etry  changes im posed  b y  the 
F ran ck -C o n d o n  (FC) princip le . In contrast, the  E I c luster ion 
source p redom inan tly  p roduces th e  m ost stab le  isom er o f  a 
g iven p h en o l+-A rn cation  cluster because  th e  reaction  se ­
quence  beg ins w ith  E I ion iza tion  o f  the pheno l m onom er, 
w hich  is fo llow ed  by  th ree  bo d y  cluster aggregation  
reac tio n s .29,31 A s the H -bond  in ph en o l+-A r1 is m ore  stab le  
than th e  w -bond, the energetica lly  m ost favorab le  isom ers of 
larger phenol+ -A rn clusters (n >  1) h av e  one H -bonded  
ligand  and  (n - 1) w -bonded o n es.29
T he ion iza tion -induced  H  sw itch  in th e  p referred  
pheno l • • A r  b ind ing  m o tif  has recen tly  been  p rob ed  b y  tim e- 
reso lved  IR  spectroscopy  o f  the ph en o l+-A r2 com plex  pre-
33,34pared  b y  R E M PI. T hese  stud ies revea led  tha t after io n ­
iza tion  o f  w -bonded phen o l-A r2, one A r ligand  isom erizes 
from  the  w -bonded site tow ard  the H -bonded  site on a tim e 
scale  o f  several p icoseconds. H ow ever, it w as no ted  that for 
a full understand ing  o f  this dynam ic  p rocess, one m ust know  
w hether th e  neu tra l p h eno l-A r2 p recu rso r com p lex  has a 
sym m etric  ( 1 11) struc tu re  w ith  one A r above and  the other 
sym m etrica lly  below  the arom atic  p lan e  or a (2 10 ) structure 
w ith  b o th  A r atom s at th e  sam e side o f  th e  arom atic  ring . 
U nfortunately , no re liab le  ca lcu la tions are availab le  for the 
po ten tia l energy  surface  o f  phenol+ -A r2. M oreover, spec tro ­
scopic  ev idence  for the geom etric  struc tu re  o f  neu tral 
p h eno l-A r2 is scarce and  no t unam biguous as it re lies on 
v ib ra tionally  reso lved  spectra  only .10,13,25,35 R ecen t hole- 
b u rn ing  spectra  o f pheno l-A rn w ith  n  = 1 and 2 dem onstrated  
tha t all spectral features observed  in  th e  S 1 ^  S 0 R E M PI 
spec tra  indeed  arise  from  sing le  isom ers in  th e  m olecu lar 
beam  expansion , w h ich  h av e  been  assigned  to w -bonded 
structures for bo th  n  = 1 and n = 2 . T he refined  analysis o f the 
in term o lecu lar v ib ra tional struc tu re  observed  for phen o l-A r2 
w as, how ever, com patib le  w ith  bo th  a ( 1 11) and a (2 10 ) 
stru c tu re .35 T he m ain  pu rpose  o f  the p resen t w ork  is to p ro ­
v ide  th e  defin itive answ er to  the question  o f the geom etry  o f 
the  p h eno l-A r2 trim er.
II. METHODS
A. Experimental procedures
T he experim en ta l setup for ro ta tiona lly  reso lved  laser 
induced  fluo rescence spectroscopy  is described  in detail 
e lsew h ere .36 Briefly, it consists o f a ring  dye laser (C oherent 
899-21) operated  w ith  R hodam ine 110, pum ped  w ith  7 W  of 
the  frequency-doub led  ou tpu t o f  a d iode  pum ped  Y b:Y A G  
(y ttrium  alum inum  garnet) d isk  laser (ELS V ersadisk). A bout 
6 0 0 -7 0 0  m W  o f th e  fundam enta l dye  laser ou tpu t is coup led  
in to  an ex ternal fo lded  ring  cav ity  (S pectra  Physics) for sec­
ond  harm onic  generation . T he typ ical ou tpu t pow er is 20 
m W  and is constan t during  each  experim en t. T he m olecu lar 
beam  is fo rm ed by  expand ing  pheno l, h ea ted  to 365 K , and 
seeded  in 600 m bars o f  argon, th rough  a 230  f im  h o le  into 
the  vacuum . T he m olecu lar beam  m ach ine  consists o f  th ree 
d ifferen tia lly  pum ped  vacuum  cham bers tha t are connected  
by  tw o skim m ers (1 and 3 m m  diam eter, separated  app rox i­
m ate ly  200  m m ) in o rder to  red u ce  the D opp ler w id th  to 25 
M H z. T he m olecu lar beam  is c rossed  at r igh t angles w ith  the 
laser b eam  in the th ird  cham ber, 360 m m  d ow nstream  o f  the 
nozzle . T he resu lting  fluorescence is co llec ted  perpend icu lar 
to the p lan e  defined b y  th e  laser and the m olecu la r beam  by  
an im aging  optics setup consisting  o f  a concave m irro r and 
tw o p lanoconvex  lenses. T he fluorescence is de tec ted  by  a 
U V  enhanced  p ho tom u ltip lie r tube  w hose ou tpu t is reco rded  
by  a  PC  based  pho ton  coun ter card . T he re la tive  frequency  is 
de term ined  w ith  a quasiconfocal F ab ry -P é ro t in terferom eter. 
T he abso lu te  frequency  is de term ined  b y  reco rd ing  th e  io ­
d ine  absorp tion  spectrum  and com parison  o f  th e  transitions
37w ith  tabu la ted  lines.
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T he experim en ta l apparatus for R E M P I spectroscopy  has
38been  described  in detail p reviously . P heno l-A rn clusters 
w ere  p roduced  in a sk im m ed  superson ic  expansion  by  p a ss ­
ing argon gas over a hea ted  pheno l sam ple (3 3 0 -3 5 0  K) in 
an in ternal sam ple ho lder loca ted  d irec tly  beh ind  the valve. 
T he p ressu re  o f  argon gas can b e  varied  up  to 8  bars in order 
to op tim ize  the p roduction  o f  pheno l-A rn clusters. T he ro ta ­
tional tem pera tu re  o f  th e  m olecu les is approx im ate ly  4 K 
after the ex p an sio n .21 T he m olecu lar beam  in teracts w ith  the 
coun terp ropagating , frequency-doub led  ou tpu t o f  tw o 
N d:Y A G  pu m p ed  dye  lasers (R adian t D yes, N arrow  Scan) 
using  C oum arin  153 for excita tion , w h ile  a m ix tu re  of 
su lfo rhodam ine B and 4 -d icyanom ethy lene-2 -m ethy l-6 -p - 
d im ethy lam inosty ry l-4H -pyran  (D C M ) w as u sed  for the  io n ­
ization  laser to  ach ieve a w ide  tun ing  range. T he  lasers w ere 
ca lib ra ted  ( ± 0 .02 cm -1) w ith  re fe rence  to sim ultaneously  
reco rded  iod ine  absorp tion  spectra, co rrec ted  from  air to 
vacuum .
Pheno l w as pu rchased  from  R ie d e l-d e  H aen and  was 
used  w ithou t fu rther purifica tion . 7D -pheno l w as produced  
by  reflux ing  pheno l w ith  an excess o f  D 2O  and subsequent 
rem oval o f solvent.
B. Computational methods
1. Quantum chemical calculations
Q uan tum  chem ical ca lcu la tions w ere  p e rfo rm ed  w ith  the 
t u r b o m o l e  (R ef. 39) and ORCA (R ef. 4 0 ) p ro g ram  p ack ­
ages. T he G aussian  atom ic orb ita l basis sets w ere  taken from  
the TURBOMOLE lib rary .41,42 T he econom ic trip le-ze ta  
A h lrich s-type  sets w ith  d ifferen t num bers o f  po larization  
functions (T Z V P or T Z V PP) as w ell as the trip le  and 
quadrup le-ze ta  sets o f  D u n n in g43 includ ing  d iffuse basis 
functions (aug-cc-pV T Z  and  aug-cc-pV Q Z ) h ave  been  em ­
ployed . U sing  these  sets a de ta iled  basis set dependence  
study has been perfo rm ed  for the struc tu re  o f phen o l-A r2. 
T he equ ilib rium  geom etries o f the  e lec tron ic  g round  and the 
low est excited  sing let states w ere  op tim ized  at th e  level o f 
the approx im ate  coup led  cluster sing les and doubles m odel 
(C C 2) em ploy ing  the reso lu tion -o f-the-iden tity  approxi- 
m a tio n .44,45 T he C C 2 m ethod  rep resen ts th e  sim plest re liab le  
ab in itio  trea tm en t o f  e lec tron  co rrelation  consisten t for both  
g round  and  excited  states, w h ich  is necessary  to describe  
noncovalen tly  bound  com plexes. In add ition , w e also co n sid ­
ered  the cu rren tly  m ost accura te  density  functional theo ry  
(D FT) approach  for noncovalen t in terac tions, nam ely, a 
doub le-hybrid  functional includ ing  em pirica l d ispersion  co r­
rec tions (B 2PL Y P-D ).46,47 This m ethod  exp lic itly  includes 
non local corre la tion  effects and y ields very  accura te  resu lts 
c lose  to  those  o f  C C SD (T ) for the w idely  u sed  S22 b en ch ­
m ark  set o f vdW  com plexes. F u ll geom etry  optim izations
48using  analy tical B 2PL Y P-D  grad ien ts w ere  perfo rm ed  for 
this m ethod  and only  g round  states w ere  considered .
2. Franck-Condon simulations
T he change  in a m olecu lar geom etry  on e lec tron ic  ex c i­
tation  can b e  dete rm ined  from  th e  in tensities o f absorp tion  or 
em ission  bands using  the FC  princip le . A ccord ing  to the  FC  
p rinc ip le  th e  re la tive  in tensity  o f  a v ib ron ic  band  depends on
FIG. 1. Two-color (1 + 1 OS ^  S0 REMPI excitation spectra of phenol-Arn 
(n =1-2). The spectra were recorded with the probe laser set to 
32 210 cm-1. Assignments of intermolecular modes are included for the n 
= 1 complex. Frequencies are relative to the electronic origin of the n =1 
cluster at 36 315.05 and of the n =2 cluster at 36 280.94 cm-1.
the  overlap  in teg ra l o f  th e  v ib ra tional w ave functions in bo th  
elec tron ic  states, w h ich  is de term ined  by  the re la tiv e  shift o f 
the  tw o po ten tia l energy  curves connected  by  the v ib ron ic  
transition  along the norm al coord inates Q  o f bo th  states and 
the  v ib rations involved,
FC  = w m r w m d Q '
= ( v ',  . . . , v 'N\v", .. . ,v 'N )2, ( 1)
w here  the ^ ( Q )  are the  ^ -d im e n s io n a l v ib ra tional w ave 
functions. T he norm al coord inates Q ' o f  the exc ited  state  and 
Q" o f  th e  g round  sta te  are re la ted  by  the linear orthogonal 
transfo rm ation  g iven by  D usch in sky .49
T he p rog ram  FCFIT (R ef. 50 ) de term ines th e  structural 
changes on elec tron ic  excita tion  from  the  experim en ta lly  d e ­
term ined  in tensity  pattern . S im ultaneously , the changes in 
the  ro ta tional constan ts are u sed  in the fit to  assess the ge-
-2000 0 2000 
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FIG. 2. Rotationally resolved spectrum of the electronic origin of the 
phenol-Ar1 cluster at 36 315.05 cm-1 and simulation of the spectrum using 
the molecular parameters from the best ES fit, given in Table I. The lower 
two traces show an expanded view in the range from -10 000 to 
+ 10 000 MHz relative to the electronic origin.
2
-6000 4000 6000
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TABLE I. Comparison of the molecular parameters from the fit to the rotationally resolved electronic spectrum 
of phenol-Ar1 (Fig. 2) and 7D-phenol-Ar1 (not shown), to the results of ab initio calculations. For the definition 
of the parameters, see text.
Phenol-Ar1 7D-phenol-Ar1
Expt. CC2a B2PLYP-Db Expt. CC2a B2PLYP-Db
A" / MHz 1818.7(5) 1804.00 1827.00 1780.1(5) 1760.85 1784.28
B" / MHz 1124.9(5) 1210.25 1200.86 1120.2(5) 1202.34 1191.87
C"/MHz 917.5(14) 973.25 971.28 905.5(7) 958.00 955.70
$ / (deg) 0c 0.36 0c 0.37
AA / MHz -43.94(6) - 37.12 - 43.44(3) - 34.61
AB / MHz 24.40(3) 31.66 25.19(2) 31.30
AC /MHz 23.35(2) 32.16 23.26(2) 31.44
aWith the TZVP basis set. 
bWith the aug-cc-pVTZ basis set. 
cFixed to zero in the fit.
om etry  change on excita tion . T he  p rog ram  w as u sed  to fit the 
in tensities in th e  absorp tion  spectrum  using  only  the ex p eri­
m en ta lly  determ ined  changes in the ro ta tional constan ts. T he 
necessary  H essians for g round  and excited  states w ere  taken 
from  th e  C C 2 /T Z V P  calcu lations.
3. Evolutionary strategies
T he ro ta tiona lly  reso lved  elec tron ic  spectra  w ere  fit to  an 
asym m etric  rig id  ro to r H am ilton ian  w ith  the help  o f  ev o lu ­
tionary  strateg ies (ESs). C on trary  to  m ost p rev ious app lica­
tions o f  genetic  a lgo rithm  techn iques51-53 in the evalua tion  o f 
m olecu lar param eters from  ro ta tiona lly  reso lved  elec tron ic  
spectra6,54- 56 a d ifferen t E S  w ith  m uta tive  step  size contro l 
w as u sed  in  the p resen t w ork . M u ta tive  step size contro l 
adapts th e  speed  at w h ich  the p aram eter space is exp lored  
w ith  each  op tim ization  step. It tends to  w ork  w ell for the 
adapta tion  o f  a g lobal step size  b u t tends to fail w hen  it 
com es to the step size  o f each  ind iv idual param eter due to 
several d isrup tive  e ffec ts .57 T he  derandom ized  a lgorithm  
D R 2 used  h e re 58 is aim ing at the accum ulation  o f  in fo rm a­
tion about the correlation  or an ticorrelation  o f  past m utation  
vectors tha t connect trial so lu tions in o rder to  tack le  this 
p rob lem . T he h igh  effectiveness o f  this approach  for spectral 
analysis has been dem onstra ted  recen tly .59
III. RESULTS AND DISCUSSION
A. REMPI spectra of phenol-Ar1-2
R E M P I spectra  o f the pheno l-A rn (n = 1 - 2 )  c lusters are 
show n in F ig . 1. Spectroscop ic  resu lts are in agreem en t w ith  
p rev ious stu d ies23,25 bu t show  considerab le  im provem en t in 
signal-to -no ise  ratio .
In the R E M P I spectra  o f  the p h en o l-A r1 cluster [Fig. 
1(a)], the m ost in tense  feature, the 5 1 band  orig in , appears at 
36 316.4  ±  0.5 cm -1, in very  good  ag reem en t w ith  the p re ­
vious value  o f  36 316 ±  0.5 cm -1 .23,25 T he position  o f  the 
origin transition  rep resen ts a red sh ift o f  33 cm -1 w ith  r e ­
spect to the 5 1 orig in  o f the pheno l m onom er at 
36 348.7  cm -1 .60 T he spectrum  also exh ib its a num ber o f 
vdW  vib ra tional m odes at 23, 42 , and 53 cm -1 above the
band  orig in . T hey  h ave  been  p rev iously  assigned  as the
bend ing  m ode fix, its overtone, 2 fix, and the in term olecu lar
21stretch  a s.
T he m ost p rom inen t spectral fea tu re  in  the phen o l-A r2 
spectrum  [Fig. 1(b)] at 36 282.1 ±  0.5 cm -1 is assigned  to 
the  S 1 ^  S 0 origin. R ela tive  to  the p h en o l-A r1 band  origin, 
this p eak  is red sh ifted  by  34 cm -1, suggesting  tha t th e  argon
atom  solvates the pheno l m o lecu le  at a sim ilar b ind ing  site  to
35that in p h en o l-A r1. In a p rev ious study  several sm aller v is ­
ib le  features in the spectrum  w ere  assigned  to a p rogression  
in an in term o lecu lar bend ing  v ib ra tion  (fix, 2 fix, and 3 fix at 
14, 27, and 39 cm -1) and excita tion  o f  th e  in term olecu lar 
stretch  (a s at 36 cm -1). It w as argued  tha t th is v ib ron ic  as­
signm ent is no t un iq u e  and  an asym m etric  (2 l0 ) structure 
canno t b e  excluded  for th e  phen o l-A r2 cluster.35
B. Rotationally resolved electronic spectrum of 
phenol-Ar1
T he ro ta tiona lly  reso lved  e lec tron ic  spectrum  o f  the 
elec tron ic  orig in  o f  the  p h en o l-A r1 cluster at 36 315 .05  cm -1 
is show n in F ig . 2 . It is a nearly  p u re  c-type  spectrum  w hich 
is dom inated  by  a strong cen tral g -b ra n c h , show n in an ex ­
panded  v iew  in the  low er trace  o f  F ig . 2 . S ince no a -  or 
fc-type transitions cou ld  b e  inco rpo ra ted  unam big uously  into 
the  fit, the  final fit w as m ade  to a pu re  c-type  asym m etric 
ro to r H am ilton ian . T he sam e is true  for th e  o ther h ig h ­
reso lu tion  spectra  d iscussed  below .
C lose  ag reem en t betw een  the experim en ta l spectrum  and 
the  sim ulation  is ob tained. T he param eters deduced  from  this 
fit, listed  in T able I , a re  the ro ta tional constan ts in the S 0 state 
(A ", B " , C"), the change in ro ta tional constan ts on elec tron ic  
excita tion  (A (A ,B , C )), the  frequency  o f  the S 1 ^ S 0 origin 
transition , and th e  d irection  o f  th e  transition  d ipo le  m om ent 
w ith  respec t to the sy s tem ’s m ain  inertia l a -ax is  (expressed 
in the angle  <^).56 T he  ro ta tional tem pera tu re  o f th e  m o l­
ecu les in th e  m olecu lar beam  w as d escribed  using  a tw o 
tem pera tu re  m odel61,56 w ith  71 = 2.1 K , T2 = 6.5 K , and a 
re la tive  w eigh t factor o f  0.01 for T2. T he  L oren tz ian  w idth  
canno t be  transfo rm ed  in to  an exc ited  sta te  life tim e in this 
case, since th e  spectrum  con ta ins an un reso lved  torsional 
sp litting  due to the O H  torsion  and  serves only  to  obtain
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FIG. 3. Rotationally resolved spectrum of the electronic origin of 
phenol-Ar2 at 36 280.94 cm-1 and simulation of the spectrum using the 
molecular parameters from the best ES fit, given in Table II. The lower two 
traces show an expanded view in the range of -9000 to +10 000 MHz 
relative to the electronic origin.
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FIG. 4. Rotationally resolved spectrum of the electronic origin of 
7D-phenol-Ar2 at 36 278.62 cm-1 and simulation of the spectrum using the 
molecular parameters from the best ES fit (Table II). The lower two traces 
show an expanded view in the range of —1000-3000 MHz relative to the 
electronic origin.
good  agreem en t be tw een  sim ulation  and exp e rim en t.62 T he 
ro ta tional constan ts o f  the g round  state  o f pheno l-A rj de te r­
m ined  from  th e  h igh-reso lu tion  spectrum  show  significant 
dev iations from  those  ob tained  from  a con tour fit to  a low - 
reso lu tion  spectrum  (w ith  dev ia tions o f up  to  4 % ),21 d em o n ­
strating  th e  lim its o f  the  la tte r techn ique  for the ex traction  of 
quan tita tive  structural inform ation .
T he second  iso topo logue w hich  has been  inves tiga ted  is 
the 7D -p h en o l-A r1 cluster, w h ich  has its e lec tron ic  orig in  at 
36 312 .74  cm -1 (spectrum  no t show n here). T he linew id th  
o f the rov ib ron ic  transitions in the d eu tera ted  cluster is co n ­
siderab ly  sm aller than  tha t o f  th e  undeu te ra ted  cluster, as is 
the case  in the b are  m onom er.60 A  com parison  o f  the m o lecu ­
lar param eters ob ta ined  from  the ES fits o f  the pheno l-A rj 
and 7 D -p h en o l-A r1 spectra  w ith  th e  resu lts o f  quan tum  
chem ical calcu lations is also g iven  in T able I .
C. Rotationally resolved electronic spectrum of 
phenol-Ar2
F igu re  3 show s the ro ta tiona lly  reso lved  elec tron ic  spec­
trum  o f  the p h eno l-A r2 orig in  at 36 280 .94  cm -1 . A s for the
ph en o l-A r1 cluster, th e  spectrum  is dom inated  b y  a strong 
Q -b ranch  and can fu lly  b e  sim ula ted  using  selection  ru les for 
c-type  bands. A t 36 278 .62  cm -1 the orig in  o f  its hydroxy  
d eu tera ted  iso topo logue is found  (Fig. 4 ) . A lso  d isp layed  are 
the  sim ulations using  th e  b es t fit param eters from  T able I I . 
Table II com pares the m olecu lar param eters ob tained  from  
E S  fits o f the phen o l-A r2 and 7D -pheno l-A r2 spectra  w ith  the 
resu lts  o f  quan tum  chem ical ca lcu la tions at d ifferen t levels 
o f  theo ry  and using  d ifferen t basis sets. F o r details about the 
ca lcu la tions, cf. Sec. I I IE .
D. The structures of the phenol-Ar12 clusters
T he com parison  o f  the experim en ta l and ca lcu la ted  ro ta ­
tional constan ts o f  p h en o l-A r1 confirm s that the cluster has a 
w -bound structure . C alcu lations also ind ica te  the ex is tence  of 
a second  stab le  structure, in  w h ich  th e  argon atom  is h y d ro ­
gen b o nded  to the pheno l O H  group . H ow ever, this structure 
w as no t observed  in th e  experim en t. B o th  structures are d e ­
p ic ted  in  F ig . 5 . T he structu re  o f  th e  phen o l-A r2 cluster o b ­
served  experim entally , how ever, has no t been  unequ ivoca lly  
determ ined  yet. T he m ost im portan t c lue  concern ing  its
TABLE II. Comparison of the molecular parameters from the fit to the rotationally resolved electronic spectrum 
of phenol-Ar2 and 7D-phenol-Ar2 shown in Figs. 3 and 4, respectively, to the results of ab initio calculations of 
the (1 \ 1 ) structure.
Phenol-Ar2 7D-phenol-Ar2
Expt. CC2a B2PLYP-Db Expt. CC2a B2PLYP-Db
A" i MHz 1777.6(5) 1774.10 1779.87 1726.4(5) 1724.23 1729.10
B" i MHz 462.5(3) 496.74 494.08 462.1(2) 496.41 493.77
C"iMHz 420.7(5) 449.69 447.42 417.8(2) 446.67 444.38
$ i (deg) 0c 0.35 0c 0.35
AA i MHz -18.44(2) -25.92 -15.45(2) -22.76
AB i MHz 12.33(2) 19.23 12.31(2) 19.21
ACiMHz 13.23(2) 18.97 13.19(2) 18.85
aWith the TZVP basis set. 
bWith the aug-cc-pVTZ basis set. 
cFixed to zero in the fit.
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FIG. 5. Geometries of both considered phenol-Ar1 isomers: The hydrogen 
bonded structure (left) and the vdW bonded structure (right).
struc tu re  is the ro ta tiona lly  reso lved  elec tron ic  spectrum  o f 
its 51 orig in . T he ro ta tional constan ts that can  be  expected  
for the d ifferen t p o ss ib le  configurations (Fig. 6) are g iven in 
T able II I . F o r the hydrogen  b o nded  structu re  no changes in 
the ro ta tional constan ts upon e lec tron ic  excita tion  are  g iven 
since no stab le  5 1 state  m in im um  w as found. C om parison  
w ith  the experim en ta l param eters from  Table II p rov ides u n ­
am biguous ev idence  for the ( 1 11) struc tu re  o f this cluster.
E. Structural parameters
T he p erfo rm ance  o f  d ifferen t m ethods and basis sets for 
the pred ic tion  o f  th e  ro ta tional constan ts and the d is tance  o f 
the argon atom (s) to the arom atic  p lan e  is com pared  in Table
IV . C om paring  th e  experim en ta l w ith  the ca lcu la ted  ro ta ­
tional constan ts, one has to  b ear in m ind  tha t the ro ta tional 
constan ts from  the ca lcu la tions rep resen t Bg (g = a , b , c) v a l­
ues based  on the re structure , w h ile  the experim en ta l values 
are B0 values based  on th e  v ib ra tionally  averaged  r 0 struc-
o
FIG. 6. Calculated geometries of various phenol-Ar2 clusters (CC2/TZVP): 
the hydrogen bonded structure (top), the (2 10) structure (middle), and the 
(111) structure (bottom).
TABLE III. CC2/TZVP calculated rotational constants for several possible 
phenol-Ar2 complexes (Fig. 6).
(111)
VdW
(2 10) Hydrogen bound
A" / MHz 1774.1 1095.4 1133.3
B" / MHz 496.7 651.7 443.3
C  / MHz 449.7 512.4 384.9
AA / MHz -25.9 93.1
AB / MHz 19.2 -52.0
AC/MHz 19.0 -15.1
ture. W e u sed  D u n n in g ’s trip le- and  quad ru p le -^  basis sets 
augm ented  w ith  d iffuse  functions (aug-cc-pV T Z  and aug-cc- 
pV Q Z ) as w ell as th e  K arls ruhe  tr ip le -^  basis sets, aug ­
m en ted  w ith  sing le  and doub le  sets o f  po lariza tion  functions 
(T Z V P and  T Z V PP ) at the C C 2 level. T he argon atom s are 
located  on th e  inertia l a -ax is , thus the m otion  o f  the argon 
atom s in the  very  shallow  po ten tia ls  para lle l to  the p lan e  of 
pheno l (the f ix and  fiy v ib ra tions, described  in Sec. I I IF )  w ill 
h ave  a considerab le  effect on th e  B  and C  ro ta tional co n ­
stants. E specia lly , since the m ean  squared  dev ia tion  due to 
zero -po in t v ib ration  from  the hypo thetica l equ ilib rium  struc­
tu re  is positive , the experim en ta l B  and C  ro ta tional co n ­
stants are  expected  to  b e  sm aller than  the ca lcu la ted  ones. 
T his is certa in ly  the case  here . A  m ore  tho rough  com parison  
o f  the effects o f  basis set size  thus requ ires a correc tion  o f 
the  ca lcu la ted  structu re  b y  zero -po in t v ib ra tional effects in 
these  w eak ly  bound  clusters. C alcu la tions are  on the w ay  in 
order to obtain  anharm onically  co rrec ted  v ib ra tionally  aver­
aged  ro ta tional constan ts on th e  respec tive  level o f  theory. 
S ince this p rocedu re  requ ires th e  com puta tion  o f cub ic  and 
som e o f  the quartic  fo rce constan ts at th e  respec tive  level, 
this approach  is ex trem ely  tim e-consum ing  and exceeds the 
scope o f th is article.
T he in term o lecu lar structures o f  the vdW  bonded  
p h en o l-A r12 c lusters w ere  determ ined  from  th e  experim ental 
ro ta tional constan ts b y  m eans o f  a p seudo-K raitchm an  fit63 
as described  by  S chm itt et a t.64 u sing  th e  no rm al and  h y ­
droxy  deu tera ted  iso topo logues. T he u se  o f  pseudo- 
K raitchm an  geom etry  param eters ( rs) has the advan tage  that 
the  d ifference  in th e  re s tructu ral param eters is sm aller than 
for th e  ro ta tional constan ts, w h ich  are based  on r 0 v a lu es .65,66
F or th e  n  = 1  cluster the perpend icu la r d is tance  o f  the 
argon a tom  to the arom atic  p lane  is g iven  in Table IV  and 
com pared  to  the respec tive  resu lts  from  the B 2PLY P-D /aug- 
cc-pV T Z  and C C 2 /T Z V P  op tim ized  structures. O n elec tron ic  
excita tion , th e  argon d is tance  decreases b y  m ore  than  6  pm . 
T his decrease  can b e  traced  b ack  to the  expected  in crease  o f 
d ispersion  energy  for exc ited  sta te  com plexes and to  favor­
ab le  orb ita l in terac tions tha t a re  repu lsive  in the g round  state 
due  to  the  P au li exclusion  p rincip le .
F o r the n  = 2 cluster a sligh tly  larger d is tance  (about
2 pm ) o f  th e  argon a tom  to th e  arom atic  p lane  is observed  for 
b o th  th e  g round  and the elec tron ica lly  exc ited  state than  for 
the  n  = 1 c luster (cf. T able IV ) . F o r th e  pseudo -K ra itchm an  fit 
th e  d is tance  o f  bo th  argon atom s to  the ring  system  w as 
chosen  to  be  the sam e. T he experim en ta lly  determ ined  d is­
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TABLE IV. Calculated rotational constants and distance d of the argon atoms from the phenol plane obtained 
from a pseudo-Kraitchman fit in phenol-Ar1 and phenol-Ar2.
CC2
TZVP TZVPP aug-cc-pVTZ aug-cc-pVQZ B2PLYP-D (aug-cc-pVTZ) Expt.
A" / MHz 1804.0 1813.1 1814.2
Phenol-Arj
1815.8 1827.00 1818.7
B" / MHz 1210.3 1200.5 1225.9 1227.8 1200.86 1124.9
C  / MHz 973.3 969.5 986.8 988.9 971.28 917.5
d(S0) / pm 340 341 337 338 341 352.6(9)
d(S¡) / pm 334 334 346.1(8)
A" / MHz 1774.1 1755.6 1751.4
Phenol-Ar2
1757.5 1779.9 1777.6
B" / MHz 496.7 495.1 509.2 509.9 494.1 462.5
C"/MHz 449.7 447.2 458.5 459.2 447.4 420.7
d(So) / pm 344 345 336 336 342 354.5(2)
d(S¡) / pm 336 336 348.5(4)
tances in  the n  = 1  and  n = 2  c lusters agree reasonab ly  w ell 
w ith  the ca lcu la ted  param eters, w ith  all experim en ta l values 
being  larger by  10 -1 8  p m  com pared  to th e  ca lcu la ted  values 
depend ing  on th e  level o f theo ry  and  basis set em ployed . A  
sim ilar overestim ation  o f b ind ing  energy  and correspond ing  
underestim ation  o f  in term o lecu lar d istances as know n for 
M P 2  (R ef. 67 ) can b e  expected  w ith  C C 2 for the h ere  co n ­
sidered  pheno l-A rn com plexes. T hus, also  the cu rren tly  m ost 
accura te  D F T  approach  for noncovalen t in terac tions, a 
doub le-hybrid  functional includ ing  em pirica l d ispersion  
co rrec tions47 is inc luded  in  T able IV  and is com pared  to the 
C C 2 values. It y ields for bo th  c lusters b e tte r agreem en t than 
C C 2 w ith  the m ost appropria te  basis set (aug-cc-pV Q Z ). The 
shorter d is tances o f  the calcu lations com pared  to  the ex p eri­
m ents h ave  to b e  traced  b ack  to b o th  overestim ation  o f  b in d ­
ing energy  and  the lack  o f  inc lusion  o f  v ib rational zero -po in t 
averag ing  in th e  ca lcu la tions. B o th  typ ica lly  con tribu te  5 pm  
in the in term o lecu lar d istances, y ie ld ing  a very  good  ag ree­
m en t w ith  th e  experim en ta l value.
In order to u nders tand  w hy  the  d is tance  o f the argon 
atom s to  the pheno l ring  is larger for the n = 2  cluster, a 
decom position  o f th e  to ta l b ind ing  energy  o f  the argon atom s 
to the pheno l ring  in to  its constituen ts [energy decom position  
analysis (E D A ), for de ta ils see, e .g ., R ef. 68] is p resen ted  in 
T able V . C alcu la tions w ere  done  at the  B 97-D /def2 -T Z V P  
E D A  level o f  theory  using  the C C 2 /aug -cc-pV T Z  optim ized  
geom etry . To enab le  this com parison  the geom etry  u sed  for 
the p h en o l-A r1 com plex  w as that o f  th e  P heno l-A r2 com plex  
w ith  one o f  the argon atom s rem oved . T he con tribu tion  per 
argon atom  due  to  d ispersion  in terac tion  is exactly  equal for
bo th  n  =  1 and n = 2  c lusters due to th e  D FT-D  approxim ation  
u sed  in  this analysis. T he  P auli exchange repu lsion  is nearly  
equal due to the fixed geom etries em ployed , and only  the 
induction  and e lec trosta tic  term s are no tab ly  d ifferen t. W hile  
the  e lec trosta tic  te rm  tends to stab ilize  the n = 2  cluster even 
m ore, th e  induction  term  overcom pensates this effect. H a lf  o f 
the  sum  o f  e lec trosta tic  and induction  in terac tions for the  n 
= 2 c luster is about 0 .05 kcal/m ol sm aller than  th e  sum  of 
e lec trosta tic  and induction  for the n  =  1 cluster. This sm all but 
sign ifican t decrease  in  b ind ing  energy  for the pheno l-A r2 
com plex  is consisten t w ith  a longer pheno l-argon  d istance. 
T he m ost like ly  exp lana tion  for the sm aller induction  co m ­
po n en t is tha t the sym m etry  o f the pheno l-A r2 com plex  does 
no t allow  for th e  ex is tence  o f  an induced  d ipo le  m om ent 
perpend icu la r to the pheno l p lane.
F inally , w e no te  tha t th e  to tal b ind ing  energy  o f  0.903 
kcal/m ol (316 cm -1) for p h en o l-A r1 is consisten t w ith  the
1 23experim en ta l va lue  o f  364 ±  13 cm -1, dem onstra ting  that 
this theo re tica l level accounts in a sem iquan tita tive  fashion 
for th e  in term o lecu lar forces in this cluster.
F. Vibrational frequencies
T able V I com pares the v ib ra tional frequencies for the 
ph eno l-A r2 cluster ob tained  from  its R E M P I spectrum  (Fig. 
1) w ith  the C C 2 S r state  v ib rational frequencies for the ( 1 11) 
cluster. T he  frequencies are som ew hat overestim ated , b u t on 
the  w ho le  th e  ag reem en t is satisfactory . To test w hether the 
assignm ents g iven in  T able V I are  reasonab le  a FC  sim u la­
tion  w as p e rfo rm ed  using  the geom etries and th e  H essian
TABLE V. Decomposition of the different contributions to the binding energy (in kcal/mol) of argon atoms to 
the phenol ring in the electronic ground state at the DFT-B97-D/def2-TZVP level. The dispersion contribution 
is exactly additive (compare values in last column, first and last rows) in the DFT-D treatment used.
Complex Total Pauli Electrostatic Induction Electrostatic+induction Dispersion
Phenol-Ar1 -0.903 3.632 -1.382 -0.675 -2.057 -2.478
Phenol-Ar2 -1.684 7.273 -2.822 -  1.178 -4.000 -4.956
|phenol-Ar2 -0.849 3.636 -  1.411 -0.589 - 2.000 -2.478
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TABLE VI. Phenol-Ar2 intermolecular vibrational frequencies (in cm-1) as 
determined from Fig. 1 compared with CC2/TZVP calculated Sr state vibra­
tional frequencies for the (111) cluster.
Experiment CC2 Assignment
14 15 A
20a 19 A
27 28b A
26
36 51
39 42b A
61
68
47 69b
aFrom Ref. 35.
bHarmonic combination and overtone bands.
m atrix  from  the C C 2 calcu lations o f  b o th  e lec tron ic  states 
and the  changes in the  ro ta tional constan ts g iven  in T able I I . 
F rom  the ro ta tional constan ts o f th e  tw o iso topologues 
p heno l-A r2 and 7D -pheno l-A r2 the changes o f six  ro tational 
constan ts upon  excita tion  are ob tained  and can be  u sed  in  the 
fit. W ith  these  six  changes in the ro ta tional constan ts, five 
m odes h ave  been  u sed  as basis for the  geom etry  d is to rtion  
upon  excitation . T hese  m odes are the low est five in te rm o ­
lecu lar m odes from  T able V I . T he resu lt d isp layed  in  F ig . 7 
show s good  agreem ent w ith  experim en t, confirm ing  the a s­
signm ents o f T able V I . In order to fac ilita te  th e  com parison  
o f the  experim en ta l and FC  fitted spectrum  the theoretical 
frequencies h ave  been  set to the  values o f th e  experim en ta l 
ones.
T he v ib rational assignm ents show  tha t all peaks in the 
R E M P I spectrum  can b e  exp la ined  as p rogressions and co m ­
binations o f  ju s t tw o m odes, A  and  a s. F o r transitions from  
the g round  state, these  tw o m odes are the only  ones tha t are 
allow ed in C 2v sym m etry, w h ich  is a near-sym m etry  group 
for th e  ( 1 11) c lu s te r.35 U nder its p roper sym m etry  group , Cs, 
Ay also becom es allow ed , a lthough  its transition  streng th  is 
expected  to be  low . Indeed , this m ode has been  detec ted  at
FIG. 7. FC simulation of the phenol-Ar2 REMPI spectrum shown in 
Fig. 1(b). Frequencies are given with respect to the S1 ^ S o  origin transition 
at 36 280.94 cm-1. The corresponding peak assignments are given in 
Table VI.
20 cm -1 in the ho le-bu rn ing  spectrum  o f  p h eno l-A r2 due  to 
in tensity  enhancem en t arising  from  saturation  effects o f 
w eak  transitions. In contrast, th e  ( 2 10) struc tu re  has C 1 sym ­
m etry  and all six  in term o lecu lar v ib rations are  a llow ed  in 
this isom er. T he v ib ra tional assignm ents o f T able V I are 
there fo re  in ag reem ent w ith  th e  ( 1 11) struc tu re  o f  th e  ob ­
served  cluster.35
IV. CONCLUSIONS
T he in term o lecu lar struc tu re  o f  the pheno l-A rn (n = 1 ,2 )  
c lusters has been  investiga ted  w ith  h igh -reso lu tion  U V  spec­
troscopy. F rom  the ro ta tional constan ts it cou ld  b e  deduced  
tha t in b o th  c lusters the argon atom s are  vdW  bonded  to  the 
pheno l ring , w ith  th e  n  = 2 c luster adopting a ( 1 11) con fo r­
m ation  w here  one argon a tom  is loca ted  on each  side o f  the 
ring . F urther ev idence  for these  structures w as ex tracted  
from  R E M P I spectra  w ith  th e  help  o f  FC  sim ulations. Q u an ­
tu m  chem ical ca lcu la tions at th e  C C 2 and B 2PL Y P-D  levels 
o f  theory  w ere  p e rfo rm ed  to iden tify  the m ost stab le  isom ers, 
w h ich  are in fu ll ag reem en t w ith  these  assignm ents.
T he d is tance  betw een  the argon atom s and the phenol 
ring  w as found  to  b e  sligh tly  larger in  th e  n = 2  cluster than  in 
the  n  = 1  cluster. A  decom position  o f  th e  cluster b ind ing  en ­
ergy  in to  ind iv idual con tribu tions show ed that th is is due  to  a 
sm aller induc tive  force betw een  the ring  and  th e  argon atom  
in the n  =  2 cluster, arising  from  noncoopera tive  th ree body  
induction  in terac tions. S ince th e  dom inan t inductive  force 
arises from  d ipo le-induced  d ipo le  in terac tion  it w as co n ­
c luded  tha t a sm all con tribu tion  to the induced  d ipo le  m o ­
m en t perpend icu lar to the  pheno l p lane, w h ich  is forb idden  
by  sym m etry  in the n  =  2 cluster, is m ost like ly  responsib le  
for th e  sm aller d is tance  in  the n  = 1  cluster.
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